(B) Wild-type (K11248), ⌬sgo1 (K11809), ⌬sgo2 (K11908), ⌬sgo1 ⌬sgo2 (K11809), sgo1-GFP (K11916), or sgo2-GFP (K11985) cells were sporulated or sgo1 ϩ sgo2 ϩ (K11318) and ⌬sgo1 (K11793), ⌬sgo2 (K11983), or ⌬sgo1 ⌬sgo2 (K11984) were crossed on plate and asci pulled to specific locations on a YES plate under the dissection microscope. Asci that opened up after incubation were dissected. Shown are the fraction of spores that gave rise to colonies (left graph) and the fraction of asci that did not open up and produced no colony (right graph). The following number of asci were examined: wt, 30; ⌬sgo1, 83; ⌬sgo2, 111; ⌬sgo1 ⌬sgo2, 138; sgo1 ϩ /⌬sgo1, 30; sgo2 ϩ /⌬sgo2, 22; sgo1 ϩ / ⌬sgo1 sgo2 ϩ /⌬sgo2, 28; sgo1-GFP, 53; sgo2-GFP, 61; and sgo1-GFP-3ЈUTR, 52. (C) Schematic representation of the sequence architecture. Green, N-terminal coiled-coil region; red, conserved C-terminal motif. The segment between these two regions is highly polar with approximately one-third of charged residues. The naming of proteins corresponds to column 1 of Table 1 Procedures for a search history). These three criteria ⌬sgo1 and ⌬sgo2 Cells Missegregate Chromosomes during Meiosis II identified unique proteins in fungal proteomes (Table 1 , upper part; Figure 1C) . Strikingly, the fungal orthologs and I, Respectively Our analysis of asci suggested that Sgo1 and Sgo2 had suggested by this approach were also the proteins with highest sequence similarity in the N-terminal coiled-coil distinct roles during meiotic chromosome segregation. To investigate homolog disjunction during meiosis I, we region (Table 2, Figure 1D ) when searched for in the nonredundant NCBI protein database (nr). Presence of sporulated lys1-GFP harboring h 90 cells in liquid culture, fixed, and stained them with antibodies against tubulin the three sequence regions in the correct N-to C-terminal order was also sufficient for unambiguously identiand GFP. We picked out late anaphase I cells, namely cells with two separate DNA masses with a single slightly fying candidate orthologs in higher eukaryotes, including plants and humans (Table 1, (Figure 2A ). In both wild-type and ⌬sgo1 cells, either one strong or two weaker GFP Encephalitozoon cuniculi. Strikingly, the top candidate from the Drosophila proteome was none other than Meidots were invariably found at each pole, which is indicative of an orderly disjunction of homologous chromo-S332, which was not known previously to have related proteins in fungi, plants, or even vertebrates. Our identisomes at meiosis I. In ⌬sgo2 cells, 31% of anaphase I cells fell into abnormal categories, namely GFP dots fication of sgo1 has therefore facilitated the discovery of a novel family of eukaryotic proteins, all sharing the were missing from one pole, indicating that all four chromatids had segregated to the other, or three GFP dots same architecture as Sgo1 and Mei-S332 and all possibly involved in the fidelity of chromosome segregation were found at one pole and a single dot at the opposite one (3:1 segregation). A similar level of missegregation during meiosis II (see Discussion). was observed in ⌬sgo1 ⌬sgo2 double mutant cells, lys1 ‫51ف(‬ kb, 4 cM). The splitting of lys1-GFP dots at a single pole in 36% of anaphase I cells is presumably due though most abnormal anaphases were consistent with to loss of sister chromatid cohesion along chromosome 3:1 segregation. These data indicate that sgo2 may be arms. The retention of cohesion between sister centrorequired during meiosis I both for the efficient biorientameres usually, but not always, ensures that adjacent tion of homologous chromosomes and for suppressing lys1 sequences are also held together. The degree of the disjunction of sister centromeres.
cosegregation of sister lys1-GFP dots to the same pole To investigate more directly the behavior of sister at anaphase I was unaltered in ⌬sgo1 cells, and lys1-chromatids, we analyzed diploids in which only one ho-GFP dots were found as split dots at one pole in 67% molog was marked by lys1-GFP. To do this, we analyzed of anaphase I cells, which is twice as frequent as in anaphase I cells derived from diploids generated by wild-type. We initially suspected that this increase could crossing a lys1-GFP harboring h Ϫ strain with an h ϩ strain be attributed to precocious loss of cohesion between containing an unmarked chromosome I ( Figure 2B ). In sister centromeres, but our subsequent analysis of late anaphase I of wild-type cells, sister GFP signals ⌬sgo2 mutant cells (see below) shows that defects other were found either as a single intense dot or as two than a total loss of sister centromere cohesion can also separate weaker signals, in most cases (95%) at a single contribute to such a phenotype. The frequency with spindle pole. We attribute the rare cases of segregation which sister lys1-GFP signals segregated to opposite to opposite poles of sister lys1 sequences marked by poles increased markedly from 5% in wild-type to 18% GFP to recombination taking place between cen1 and in ⌬sgo2 mutant and to 27% in ⌬sgo1 ⌬sgo2 double mutant cells. The frequency of split lys1-GFP dots at one pole was also increased from 36% in wild-type to had segregated to the same pole at meiosis I invariably Our observation that Sgo2-GFP foci were rarely, if Sgo1-GFP expressed from sgo1-GFP-3ЈUTR started to ever, coincident with Mis6-HA foci but merely closely accumulate in the nuclei of 47% (n ϭ 100) of cells at associated ( Figures 4C and 4D ) raised the possibility the horsetail stage ( Figure 3C-13) . By metaphase I, it that Sgo1-GFP foci might also not be fully coincident was found in 100% (n ϭ 81) of nuclei, staining distinct with those associated with Mis6-HA. We therefore comfoci in at least half of the cells (Figure 3C-14) . The protein pared the distribution of Sgo1-GFP and Mis6-HA using was degraded at the onset of anaphase I. Only 58% of 3D deconvolution microscopy. This showed that Sgo1-early (n ϭ 40, Figure 3C In conclusion, Sgo1-GFP localizes to the vicinity of inner from sgo1-GFP-3ЈUTR was barely detectable after anacentromeres. Sgo2-GFP is also found in their vicinity phase I. Only traces could be detected in 63% of metabut is possibly less closely associated than Sgo1-GFP. phase II cells (n ϭ 40, Figure 3C-17) and not at all in We do not know whether this reflects a real difference cells at the anaphase II stage (n ϭ 30) (Figure 3C-18) .
in the localization of the two proteins to centromeric This suggests that Sgo1 protein is normally down reguchromatin or is due to our observation of slightly differlated at the onset of anaphase I and that the lack of its ent meiotic stages. accumulation during meiosis II is dependent on the sgo1 gene's 3ЈUTR. A corollary is that the Sgo1-GFP detected Retention of Centromeric Rec8 after Meiosis I during metaphase II when expressed without its 3ЈUTR
Is Reduced in ⌬sgo1 Cells is a genuine phenomenon that nevertheless has little if Because the random segregation of sister chromatids any deleterious effect on meiosis II chromosome segrein ⌬sgo1 cells at meiosis II could be caused by their gation.
failure to retain cohesion between sister centromeres after the first meiotic division, we investigated whether deletion of sgo1 or sgo2 alters the abundance or distriSgo1 and Sgo2 Localize to the Vicinity of the Inner Centromere bution of cohesin's Rec8 subunit. To do this, we utilized a functional version of Rec8 that is tagged at its C termiTo address whether Sgo1 or Sgo2 are associated with centromeres, we compared their localization with that nus with GFP [27] . The persistence of centromeric cohesion between of the inner centromere protein Mis6 [26] . h 90 cells expressing an HA epitope-tagged Mis6 protein (Mis6-HA) meiotic divisions is dependent on the selective retention of Rec8 (in this case Rec8-GFP) at centromeres after it and either Sgo1-GFP (from sgo1-GFP lacking the 3ЈUTR) or Sgo2-GFP were induced to undergo meiosis in liquid has been removed from chromosome arms. The key question was therefore whether Rec8-GFP is similarly culture. Cells were fixed and the distribution of HA epitopes and GFP determined by in situ immunofluoresretained in sgo1 or sgo2 mutants. To address this, we constructed a series of prototrophic diploid h Ϫ /h Ϫ pat1-cence with antibodies against GFP and HA. To test whether the foci of Sgo1-GFP detectable during meta-114/pat1-114 strains: sgo1 ϩ sgo2 ϩ , ⌬sgo1, and ⌬sgo2 strains expressing Rec8-GFP as well as an sgo1 ϩ sgo2 ϩ phase I are associated with centromeres, we first identified mononucleate cells exhibiting clear foci of Sgo1-strain in which Rec8 was untagged. Pat1 is a potent suppressor of meiosis, and pat1-114 cells can be in-GFP and then ascertained whether they were associated with Mis6-HA foci. In 83% of cells, each Mis6-HA focus duced to undergo meiosis highly synchronously by shifting them to the restrictive temperature. We first arrested was associated with an Sgo1-GFP focus (full colocalization). In the remaining 17% of cells, only some Mis6-cells in G1 by nitrogen starvation and induced them to enter meiosis by shifting them to nitrogen-containing HA foci were associated with Sgo1-GFP foci (partial solved is presumed to be due to the local resistance of arresting as mononucleate cells with a single dot of lys1-GFP containing all four chromatids (neither sisters nor Rec8 to proteolytic cleavage. It was therefore important to investigate whether ⌬sgo1 mutants fail to maintain homologs disjoin). As previously reported [15] , deletion of rec11 permitted many, but by no means all, of these cohesion and Rec8 at centromeres because the latter is cleaved prematurely, presumably simultaneous with cells to undergo the first, but not the second, meiotic division, in which case they arrested as binucleates with cleavage of Rec8 along chromosome arms, or because it is removed by a separase-independent mechanism each nucleus containing a lys1-GFP dot (homologs, but not sisters, disjoin). Deletion of sgo1 or sgo2 in rec11 analogous to the one that removes cohesin from chromosome arms during mitotic prophase in mammalian rec8-RDRD cells had little or no effect; namely, it did not permit any of the cells to undergo a second division.
cells (reviewed in [28]). Expression of Rec8 protein refractory to cleavage by separase (rec8-RDRD) blocks
These data suggest that cohesion mediated by Rec8 is properly established in both ⌬sgo1 and ⌬sgo2 mutants meiosis I because chiasmata cannot be resolved without the dissolution of sister chromatid cohesion along chroand that the inability of ⌬sgo1 mutant cells to maintain cohesion between meiotic divisions is due to the precomosome arms. During meiosis in S. pombe, cohesin located along chromosome arms contains a meiosiscious cleavage of Rec8 by separase. specific Scc3 ortholog called Rec11 while that at centromeres contains Psc3, the Scc3 ortholog also expressed Discussion in mitotic cells. Deletion of rec11 allows diploids expressing rec8-RDRD to undergo the first meiotic diviThe retention of cohesion between sister centromeres until meiosis II, long after the dissolution at the onset sion, but not the second, because of the existence there of noncleavable cohesin containing Psc3 [13] . If the preof anaphase I of sister chromatid cohesion along chromosome arms, is crucial for chromatid segregation durcocious loss of centromeric Rec8 in ⌬sgo1 mutants was mediated by a cleavage-independent mechanism, then ing meiosis II and is therefore fundamental to the production of haploid gametes. Most, if not all, eukaryotic deletion of sgo1 along with that of rec11 should enable cells expressing rec8-RDRD to undergo both meiotic cells use variants of their mitotic cohesin complexes to hold sister chromatids together during meiosis. Furtherdivisions, albeit with massive chromosome nondisjunction. We compared the meiotic progression of ⌬sgo1 more, cleavage of cohesin's meiosis-specific Rec8 subunit is required both for the dissolution of arm cohesion ⌬rec11 rec8-RDRD triple mutant with that of ⌬rec11 rec8-RDRD double mutant and rec8-RDRD single muat meiosis I and for the subsequent destruction of cohesion between sister centromeres at meiosis II, at least tant cells by monitoring nuclear division by Hoechst staining and centromere segregation by monitoring lys1-in budding and fission yeast. What causes centromeric Rec8 to be resistant to separase while that along chro-GFP signals (Figure 7 Table 1 is not based on statistically significant sequence similarity replacement of the mitotically expressed Scc3 homolog Psc3 by a meiosis-specific variant Rec11 [13] . No such over major parts of their sequence, the conservation of three distinct domains in the correct order within the difference exists between arm and centromere cohesin in S. cerevisiae, and fundamental changes in cohesin's candidate proteins as well as the similarity of the loss of function phenotypes for sgo1 and mei-S332 suggest composition cannot therefore be invoked to explain their different regulation. Even in S. pombe, the cohesin comthat we have indeed found a family of orthologs. The conserved N-and C-terminal sequence segments of all plexes situated at centromeres presumably have the same or similar composition at meiosis I and meiosis II members of this family presumably have a role in the interaction with protein partners. Interestingly, the conand, yet, the former appears resistant to cleavage by separase while the latter is susceptible. Some other served asparagine in the N-terminal coiled coil is mutated to isoleucine in the strong missegregation allele difference must therefore confer the differential sensitivity to separase of meiosis I and meiosis II centromeric mei-S332 9 ( Figure 1D, arrow) [33]. Deletion of sgo1 has no effect on chromosome segrecohesion. Ideally, this factor should be present at centromeres when separase is activated during meiosis I gation during meiosis I but causes sister centromeres to segregate at random during meiosis II. It also causes but be absent when separase is reactivated during meiosis II. Periodic accumulation and destruction of its a failure to retain Rec8 at centromeres in the amounts seen in wild-type cells. However, it does not permit cells securin inhibitor is thought to regulate separase activity [29, 30] . Following a first round of activation due to expressing noncleavable Rec8 to undergo a second meiotic division when deletion of rec11 compromises securin's destruction by the APC/C, separase is reinhibited through the reaccumulation of securin between meichiasmata and permits a first meiotic division. This, together with the finding that the Sgo1 protein is located osis I and meiosis II, and it is during this period that it would be safe for cells to remove any factor responsible at centromeres, suggests it may normally inhibit cleavage by separase of centromeric Rec8 during meiosis I. for protecting centromeric Rec8 from separase.
Defects in any factor specific to protecting centroOur finding that Sgo1 protein largely disappears after the first meiotic division raised the possibility that the mere cohesion should have little or no effect on chromosome segregation during meiosis I but cause random presence of Sgo1 at centromeres might be sufficient to confer protection of Rec8 from separase. This notion segregation of sister chromatids during meiosis II. One of the best candidates fitting this criterion is the Meiappears questionable in light of our discovery that replacement of sgo1's 3ЈUTR sequences causes a Sgo1-S332 protein in Drosophila melanogaster. The mei-S332 mutation, which has been known for several decades GFP fusion protein to reaccumulate in meiosis II without compromising meiotic chromosome segregation. The [31] , causes a high frequency of meiosis II nondisjunction and chromosome loss in both sexes [6] . Sister chropersistence of Sgo1-GFP expressed without its 3ЈUTR during metaphase and its decline at the onset of anamatids lose their cohesiveness precociously, as early as anaphase I, and this is thought to be the cause of phase is similar in meiosis I and II. It is unclear why protein present in metaphase I protects centromeric lagging chromatids and sister chromatid nondisjunction during meiosis II [5] . Nevertheless, a significant level Rec8 from separase while that present in metaphase II does not. The implication is that some difference other of meiosis I missegregation also occurs in mei-S332 females [32]. The Mei-S332 protein might therefore not than the presence of Sgo1 protein might cause Rec8 to be refractory to separase at meiosis I, but not at meiosis be exclusively concerned with protecting sister chromatid cohesion. The protein localizes to centromeres at II. How Sgo1 protein levels are regulated by 3ЈUTR sequences is unknown. It might occur via mRNA stability, metaphase I, which is consistent with a direct role in protecting sister centromere cohesion. However, it has translation efficiency, or localization. The exact significance of this control is presently unclear. If Sgo1 in S. not so far been possible to test whether mei-S332 mutation affects Rec8 or Rec8-like proteins since meiotic pombe, unlike the related proteins in budding yeast and Drosophila, were concerned solely with protecting cencohesin complexes have not yet been characterized in Drosophila. It is, however, important to note that the tromeric Rec8 at anaphase I, then its presence between the two meiotic divisions would certainly not be necesMei-S332 protein appears to be equally abundant during mitosis and metaphase II as it is during meiosis I [7] , sary once separase had been inactivated. Sgo1's accumulation at this stage might even be deleterious, either which makes it unlikely that its presence at centromeres alone protects centromeric cohesin from separase.
because it interferes with meiosis II kinetochore function or with Rec8 cleavage at the onset of anaphase II. HowThe study of Mei-S332's function has been hampered by a failure hitherto to identify orthologous proteins in ever, this cannot be a very strong effect, as spore viability is not significantly reduced when removal of its 3ЈUTR other eukaryotic genomes, in particular in fungi where the role of Rec8 cleavage in destroying sister chromatid causes Sgo1-GFP to accumulate in meiosis II (Figure 1B) . cohesion has been established. The work described in this paper breaks this impasse. By deleting genes upregThe budding yeast S. cerevisiae genome encodes a single Mei-S332/Sgo1 ortholog that is also associated ulated during meiosis in S. pombe, we have identified a meiosis-specific protein Sgo1 that is essential for orwith kinetochores and is essential for retaining Rec8 within the vicinity of centromeres between meiotic divinations for this strange behavior. One possibility is that the abnormal state of some, but not all, centromeres in sions. Like Mei-S332, the S. cerevisiae Sgo1 protein is also expressed during mitotic cells and clearly has roles sgo2 mutant cells is stably inherited in a chromosome autonomous manner. If a pair of sister centromeres is in chromosome segregation other than protecting centromeric Rec8 from separase at meiosis. This raises normal at meiosis I, then it will continue to be normal at meiosis II. If so, it is plausible though not very satisfacan important question: whether or not Mei-S332/Sgo1 orthologs have a direct role in protecting centromeric tory to suppose that sgo2 is sometimes, but not always, required for kinetochore orientation during meiosis I as cohesion. The failure of mutants to retain centromeric cohesion might for example be a "knock on" effect of well as for protecting centromeric cohesion after the first meiotic division. An alternative explanation is that a more general defect in kinetochore function. It is improbable that the missegregation of chromosomes in S.
Sgo2 is primarily required for kinetochore orientation during meiosis I and that the erroneous biorientation of pombe sgo1 mutants has such an etiology because the Sgo1 protein is neither expressed during mitosis nor sister centromeres that arises in its absence leads in turn to a failure to protect centromeric Rec8 from separase at during meiosis II (if the correct 3ЈUTR is present) but, nevertheless, has a role in meiosis II, but not meiosis I, the onset of anaphase I. Sgo2's localization during the meiotic divisions is reminiscent of chromosomal paschromosome segregation. Our work suggests that the multiple functions of Mei-S332 orthologs have been disenger proteins, like survivin/Bir1 and aurora-B kinase (Cut17 and Ark1 in S. pombe, respectively). Sgo2 is vided into two separate proteins in S. pombe and that Sgo1 may be exclusively concerned with protecting cenfound in the vicinity of centromeres before both meiotic divisions but localizes to the spindle midzone during tromeric cohesion. The corollary is that the Mei-S332-like proteins of organisms that possess only a single anaphase I and II. The significance of this movement is currently unclear. ortholog also have a direct role in protecting centromeric cohesion even if these proteins have additional roles in In ⌬sgo1 ⌬sgo2 double mutants, there is both a high incidence of precocious sister centromere disjunction kinetochore function.
Sgo2 presumably mediates such functions in S. pombe. at meiosis I as well as nondisjunction during meiosis II. This phenotype is strikingly similar to that of mutants However, despite the expression of Sgo2 in vegetative cells ( Figure S1 ), we detected only slight, if any, defects lacking the spindle checkpoint kinase Bub1. In ⌬bub1 mutants, sister centromeres disjoin precociously in onein chromosome behavior during mitosis in ⌬sgo2 mutants. Sister chromatids disjoined with high efficiency third of all cells, while in the remaining two-thirds sister centromeres segregate at random during meiosis II. in binucleate cells. Furthermore, there was only a very modest increase in the separation of sister lys1-GFP in Rec8 also fails to be retained at centromeres after the first meiotic division in ⌬bub1 mutants [4] . It is possible, cut9-ts mutants arrested in metaphase (from 4% to 7%) therefore, that the activity of both Sgo1 and Sgo2 proand only a modest, if any, increase in sensitivity to the teins depends on Bub1. Given their similar structures, spindle poison thiabendazole at 25ЊC (data not shown).
it is tempting to speculate that Sgo1 and Sgo2 function Sgo2 has a much more important role during meiosis I. using similar molecular mechanisms. Determining how In its absence, chromosome I homologs missegregate one protein regulates kinetochore orientation during during meiosis I in one-third of all cells. In one-half of meiosis I while the other protects cohesion between these cases of missegregation, all four chromatids segsister chromatids, both using potentially common princiregate to the same pole while in the other half sister ples, is a challenge for future work. 
